We examined copper localization in the locus ceruleus and cerebellum of rat brain by Timm's aide-silver staining, as modified by M e r . Dease dver partides revealing copper localization were observed in sections of the locus ceruleus and cerebellum after pre-treatment with trichloroacetic acid. In the locus ceruleus, copper appeared to be distributed to neuropil rather than glial or neuronal cell bodies, and at the ultrastructural level copper was mainly localized on synaptic membranes of afferent terminals in contact with somatic spines or dendrites of locus ceruleus neurons, whereas copper was distributed to mitochondria in the granular layers of cerebellum and fine, sparse silver particles were observed ropeptide Y, substance P, and GABA (1,5,8,10,11,15 ). Copper is essential for DBH activity and therefore the high level of copper in
Introduction
Brain tissue contains a relatively high concentration of copper, and the locus ceruleus (LC) is characterized by the highest copper concentration in human brain (21,26). The requirement of copper for monoamine metabolism, mitochondrial activity, myelination, and other events in the central nervous system has long recognized, because copper is a trace element essential for the activity of several enzymes including dopamine P-hydroxylase (DBH), Cu,Zn-superoxide dismutase, cytochrome oxidase, and lysyl oxidase (21). Copper deficiency can disturb normal development of brain tissue and can cause neurological abnormalities (21). as described also for patients with Menkes' disease, an x-linked genetic disorder of copper metabolism (18,21).
The LC has widespread projections throughout the brain and spinal cord (1,5). A majority of LC neurons are noradrenergic, although they also possess other transmitters such as galanin, neu-the LC is considered to play a role in catecholamine metabolism. However, the concentration of copper found in the LC appears to be much higher than that reasonably required for regulation of DBH activity or mitochondrial cytochrome oxidase activity (21), suggesting other roles of copper in the LC, since Colburn and Maas have described an association of copper with synaptic membranes in a previous report (3).
Several methods have been developed to detect copper in tissue sections (24), among which Danscher-Timm's sulfide-silver staining (4,25) is most sensitive and enables detection of copper in normal brain tissue. Although the sulfide-silver staining is not specific for copper, a combination of the method with pre-treatment using trichloroacetic acid ('EA) allows elimination of co-stainable signals of zinc or iron in tissue sections (23). It has been reported that copper, visualized by sulfide-silver staining, is localized in glial cells in several regions, including the nucleus arcuatus, nucleus tractus solitarii, and LC (23,27). Recently, we have described an alteration of copper distribution in brain tissue of the Long-Evans cinnamon-colored (LEC) mutant rat (19) displaying a genetic defect in copper metabolism, as described for patients with Wilson's disease (13,20), suggesting abnormal copper metabolism in the central nervous system of the LEC mutation.
In this study we examined copper distribution by sulfide-silver staining in the LC a n d cerebellum of normal rat brain a n d show t h e localization of copper to afferent terminals i n the LC. in contrast to mitochondrial copper in the cerebellum, by electron microscopic observation a n d X-ray microanalysis.
Materials and Methods
Virtually all procedures for sulfide-silver staining were carried out according CO the method of Danschcr (4). originally described by Timm (25).
Light Microscopy. Male Wistar rats were anesthetized by IP injection of pentobarbital and were transcardially perfused for 7 min with 250 ml of 0.1% Na2S in PBS containing 0.01 M sodium phosphate, pH 7.4, and 0.15 M NaCI, and then with 3% (w/v) glutaraldehyde (GA) in 0.1 M sodium phosphate buffer (PB). pH 7.4. for 3 min. For staining of hepatic tissues, male Wistar rats or LEC mutant rats at Week 10 after birth were perfused via the portal vein with the buffers described above. After postfixation for 1 hr in 3% GA in PB. the tissues were immersed in 30% (wlv) sucrose in PB for 48 hr. cryostat-sectioned at 10-15 pm thick, mounted on gelatin-or silicone-coated glass slides. and dried. The sections were fmed in ethanol. hydrated, coated with gelatin, and dried. To remove zinc or iron from tissue sections, the sections were treated with 15% TCA for 5 min at room temperature (23) and then stained in a solution containing hydroxyquinone and silver lactate (4) for 60 min. The silver-stained scctions were lightly counterstained with Methyl Green.
Electron Microscopy. Anesthetized rats were ttanxardially perfused sequentially with approximately 5 ml of 0.1% Na2S in PBS, 3% GA in PB for 3 min and then 0.1% Na2S solution for 7 min. The brain tissue was removed, cut into small pieces (about 1 x 1 mm) containing areas of interest. and post-fixed in 3% glutaraldehyde solution for 1 hr. After a rinse in PBS the pieces were dehydrated in 70% to 100% ethanol. treated with N-butyl 2.3-ethoxypropyl ether, and embedded in Epon. After polymcrization at 45°C for 48 hr, the blocks were sectioned at 3 pm thickness. The sections were mounted on gelatinor silicon-coated slide glasses, dried overnight at 37'C. and then stained with silver as described above. After dchydration in 70% to 100% ethanol. the stained sections were reembedded on the top of Epon blocks.
After polymerization at 60°C for 48 hr, ultra-thin sections were cut out, placed on grids, and contrasted with lead citrate and uranyl acetate. For X-ray microanalysis usingJEOL 2000 FX and TN-5500. tissue blocks were embedded in Epon, polymerized at 60'C. ultra-thin-sectioned. and placed on titanium grids. Then, X-ray microanalysis was carried out for the sccrions without silver staining. Instrumental conditions for analysis were as follows: accelerating voltage 80 keV illuminating current 5 x A; beam spot 40 nm; counting time 100 sec: tilt angle 25'. Processing of the X-ray spectra was performed using the SQMTF computer program (NO-RAN Instruments) and a statistically significant lml of metals was detmcd.
Results

Copper Distribution by Su&a'e-Silver Staining in the Locus Ceruleus and Cerebellum
To examine t h e effect of TCA pre-treatment of tissue sections on Danscher-Timm's sulfide-silver staining, hippocampal sections,
. .. , .. which are known to contain a high level of zinc (4,6,7,22), were stained with or without pre-treatment with TCA. Intensity of silver staining in hippocampal sections was greatly decreased by the TCA treatment (Figures 1A and 1B) , indicating removal of zinc from the sections as previously reported (23). Then we used hepatic sections from LEC rat as another control, since the LEC mutant rat has been known to contain an eitremely high level (over SO-fold increase) of hepatic copper (13) and to display a decline in serum copper and hepatic holoceruloplasmin production (13.20). After TCA pre-treatment and the following sulfide-silver staining r .
I for 1 hr, dense silver particles were seen throughout the hepatocytes, particularly in nuclei, from LEC rat liver ( Figure IC) . but only slight staining was seen in those from normal rat liver ( Figure  ID) . indicating the specific staining of copper. Under these conditions, silver particles were consistently observed throughout the LC region (Figures 2A and 2B) , as well as in the granular layers of the cerebellum (Figures 2C and 2D ) and in other regions including the nucleus arcuatus. nucleus tractus solitarii. and nucleus habenulae medialis, as previously reported (19.23 ). Since no reduction was seen in the LC and cerebellum after TCA pre-treatment, most
. . of the silver particles may reflect copper localization. At high magnification, copper appeared to localize to neuropil or glial cells rather than to neuronal cell bodies ( Figure 2B ) in the LC. Weak, fine silver particles were also observed in the ependymal cell layer facing the fourth ventricle and in a portion of blood vessels in the LC region. In the cerebellum. most copper was localized to the granular layer and pia mater ( Figures 2C and 2D) .
Copper Localization at the Ultrastructural Level
To further elucidate copper localization at the ultrastructural Icvel, 3-pm sections from three rats were silver stained and the reembedded sections on the top of Epon blocks were ultra-thin-sectioned. Electron microscopy rcvealcd that most of the copper in the LC was located on presynaptic membranes of a part of the afferent .-1589 terminals (approximately 10-2096 of total fierent terminals mamined) in contact with either dendrites (Figures 3A-3E ) or SOmatic spines ( Figures 3C and 3F ) of LC neurons. Some of the silver particles were seen within the terminals ( Figure 3F ). Most of the synapses containing silver particles were asymmetric. whereas most of the symmetric synapses were devoid of silver staining. The subcellular localization of copper in the ependymal cells ( Figure 4A ) and the epithelial cells of blood vessels (Figure 48 ) in the LC region or in the granular layers of the cerebellum ( Figures   4C and 4D) was quite different from that in afferent terminals of the LC. Fine, sparse silver particles were seen throughout ependymal cells ( Figure 4A ) and epithelial cells of blood vessels ( Figure 4B) . whereas most of the copper was specifically localized to mitochondria in the granule cells or dendrites surrounding the eosin bodies ( Figures 4C and 4D) . Other common peaks of Ti, Pb, and U were derived from a titanium grid and from post-staining with lead citrate and uranyl acetate.
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X-ray Microanalysis of Copper in Aflerent Terminals
To identify the metals in synaptic membranes, ultra-thin sections of the LC were examined by X-ray microanalysis. Most of the terminals in the LC from the three rats examined contained undetectable level of copper, and only a part of afferent terminals were copper-positive, in agreement with the results from sulfide-silver staining. A typical example of the results is shown in Figure 5 . A very low but statistically significant level of copper was detected in the synaptic membranes of afferent terminals in the LC region ( Figure >A) , but copper was undetectable in synaptic vesicles and mitochondria in the same terminal ( Figures 5B and 5C ), as well as in the intracellular structures of glial and neuronal cell bodies (data not shown). Zinc was undetectable in all these structures.
It has been suggested that copper plays an important role in complex processes of neurotransmission and in several enzymatic processes that accompany the synthesis, storage, and release of neurotransmitters (21). Furthermore, copper deficiency during development causes impairment of mitochondria and myelination (18,21,28) , as well as lowered catecholamines and depression of tyrosine hydroxylase activity (16). In human brain, the copper distribution varies from region to region, and the LC has the highest concentration of copper (26). In rat brain, copper is also unevenly distributed, but the level of histochemically detectable copper in the LC was similar to that in the nucleus arcuatus, nucleus tractus solitarius, and nucleus habenulae medialis.
In this study we demonstrated the presence of copper in afferent terminals in the rat LC. Since one of the problems of the sulfide-silver staining is co-staining of copper, zinc, and iron, we used TCA pre-treatment of tissue sections to distinguish copper from other metals. Such pre-treatment is known to remove zinc or iron sulfide but not copper-sulfide (24). We also used X-ray microanalysis to identrfy metal species in tissue sections at the electron microscopic level. Although zinc has been found to localize on synaptic membranes in hippocampus (6,7,22) , we identified the metal species as copper in afferent terminals in the LC by using the TCA pre-treatment (Figure 1 ) and X-ray microanalysis ( Figure 5 ). In the LC, copper appears to play a role in neurotransmission at afferent terminals. Synaptosomes and synaptic vesicles have been known to contain appreciable amounts of copper, iron, and magnesium, and these metals are associated with the particulate fraction, suggesting coordination with membrane constituents and importance to membrane structure and function (3). Most ofthe copper-positive synapses were asymmetric and existed in only a part of the afferent terninals in the LC.
The LC has been reported to project throughout the neuraxis, whereas the inputs to the LC are thought to arise from a variety of sources (1,5). However, recent studies have shown that the afferents are more restricted in origin, the two major locations being the rostral ventrolateral medulla and the midline of the rostral dorsal medulla near the prepositus hypoglossus nucleus. These regions contain the adrenergic neurons of the C1 and C2 cell groups (2,14,17). Several lines of evidence indicate that there is prominent adrenergic and GABAergic innervation of the somata and dendrites of the LC neurons (2,14,17) . Because the GABA terminals are reported to form mainly symmetric synapses in several regions of the brain (12), whereas adrenergic terminals more frequently formed asymmetric synapses (2,14,17) , the adrenergic terminal is a candidate for accompanying copper. However, several other transmitters have been detected in afferent terminals of the LC region (5,15) and hence the identity of the transmitter, as well as the precise role of copper in terminals, still remains unresolved.
